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0 Wire and cable. 



@ A metallic conductor for an electrical wire or cable comprises a bundle of metallic strands 1 and is provided 
with an adherent electrically insulating refractory coating 2. The coating extends around the circumference of the 
bundle but not around the Individual strands. The coating may be applied by a vacuum deposition process such 
as a sputter ion plating method. Adhesion of the coating may be improved by the provision of a metallic or 
refractory intermediate layer and/or by varying the stoichtometry of the coating through its thicicness. 
Wires using the conductors are particularly suitable for use In circuit and signal integrity cables. 
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WIRE AjyiD CABLE 



This invenfion relates to electrical wire and cables and to electrical conductors suitable for use therein. 
Numerous forms of electrical cable have been proposed for use in environments where there is a risk of 
fire and accordingly where fire retardency of the cable is required. These cables may make use of specific, 
highly effective, halogenated polymers or fFame retardant materials such as polyfetrafluoraethyfene. poly- 

5 vinyl chloride, or polyvinylidine fluoride as polymers or decarbromodfphenyl ether as flame retardant 
additivesi Halogenated systems, however, suffer from the disadvantage that when they are heated to high 
temperatures during a fire, they liberate toxic and corrosive gases such as hydrogen halides, and a number 
of halogen free insulating compositions have therefore been proposed, for example in U.S. patent 
specification No. 4,322.575 to Skipper and in U.IC patent specification Nos. 1.603,205 and 2,068,347A, the 

70 disclosures of which are incorporated herein by reference. 

In certain fields where cables are used, for example fn military, marine or mass transit applications, it is 
desired to use cables which are capable of functioning at relatively high temperatures. In other instances ft 
is desired to use cables which not only do not bum, or, if they bum, do not liberate toxic or con-oswe gases, 
but also are capable of functioning after having been subjected to a fire, or preferably for a period of time 

75 during a fire without shorting or othenwise faifing. Cables that are capable of functioning for a period of time 
during a fire liave been called circuit integrity cables or signal integrity cables depending on their use. Thef 
previously proposed circuit and signal integrity calJles have generally used the principle that the individual 
conductors should be separated from one another by mica tapes or by large volumes of packing materials 
or silicones or by combinations thereof in order to prevent the fbnmafion of short circuife during a fire, witii 

20 the result that the previously proposed cables are relath/ely heavy or large or both. There is therefore a 
need for a cable that will function at relatively high temperatures or will function after it has been sut^ected 
to a fire, and which preferably will retain its integrity for a period of time during a fire but which is scnaller or 
lighter than the previously proposed cables. 

According to one aspect, the present invention provides an eiectricai wire which comprises an elongate 

25 metaffic electrical conductor having an adherent electrically insulating refractory coating formed from a 
cornpound of a metal or semi-metal ottier than tiiat from which the conductor is formed. e.g. an oxide or 
nitride, the refractory coating having been formed on the conductor by a vacuum deposition method, and, 
surrounding the coated conductor, a layer of polymeric insulation. 

Preferably the refra:ctory coating is bonded to tiie conductor by a metallic or refractory intermediate 

30 layer, and so according to anotfier aspect, the invention provides an electrical wire which comprises an 
elongate metallic electrical conductor having an adherent refractory coating which is bonded to the 
conductor by a metalfic or refractory intennediate layer, and which has preferably been formed by a 
vacuum depositiori riiethod. and, surrounding tiie coated conductor, a layer of polymeric insulation. 

Preferably the metal fomning the conductor has a melting point of at least 800"C more preferably at 

35 least 900-C. and especially at least 1000»C. tfie most prefen-ed metal being copper arthough in some 
instances it is possible for the conductor to have a melting point below 800*0, for example it Is possible for 
the conductor to be formed from aluminium rf the required temperature rating of the wire is not particularly 
high. The conductor may be a solid conductor or it may be a stranded conductor in which individual strands 
are laid togetiier to fonn a bundle which preferably contains 7, 19 or 37 strands. Where the conductor is 

40 stranded it is preferred for tiie bundle to be coated rather ttian the individual strands, tiiat is to say, tiie 
refractory coating extends around tiie circumference of the bundle but not around ttie individual strands so 
tiiat substantially only the outwardly iying surfaces of ttie outermost layer of strands are coated. Thus, 
according to anotiier aspect tiie invention provides a metallic conductor which comprises a bundle of 
metaffic strands ttie bundle having an adherent coating of an electrically insulating refractory oxide or nitride 

45 of a metal or semi-metal which extends around tiie circumference of the bundle but not around tiie 
individual strands. This form of conductor has ttie advantage that tiie inter strand electrical contact is 
retained and the dimensions of the bundle are kept to a minimum (since the thickness of the coating may 
constitute a significant proportion of ttie strand dimensions for fine gauge conductors) and also ft aids the 
formation of good electrical connections, e.g. crimp connections, to the conductor because a large 

sa proportion of ttie surface of ttie strands, and ttie entire surface of the strands in ttie central region of ttie 
conductor, vnll be uncoated. 

The wire according to tti© invention, at least in its preferred aspects described below, is particularly 
suitable for fomning signal integrity cables and circuit integrity cables because, depending on ttie constnjc- 
tion of ttie wire, when a portion of tiie cable is subjected to a fire, ttie refractory coating will provide 
sufficient insulation between ttie conductors to enable the cable to operate for a significant lengtti of time 
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even when all the potymeric insulation has been lost The length of time for which the wire will still operate 
will dearly depend on the temperature to which it is subjected, and, in fact in view of the refractory nature 
of the insulating coating, the temperatures at which some of the wires and cable according to the invention 
can operate at least for short periods of time is limited only by the nature of the metal forming the 
5 conductor. 

An additional advantage of the wire and cable according to the invention is that ft is very flexible- as 
compared with other signal and circuit integrity cables, especially if a stranded conductor is used. The 
ability of the wire to be bent around very tight bends (small l3end radii) without deleterious effect is partly 
due to the fact that the layer providing the integrity is thinner than with other signal and circuit integrity 

10 cables. However. When the conductor Is a standed conductor it may-be bent around extremely tight bends 
without undue stress of the surface of the stands because the strands are displaced from a regular 
hexagonal packing at the apex of the t^nd thereby exposing uncoated areas of the strands to the eye. It is 
highly surprising that even though uncoated strands may be exposed when the wire conductor is bent there 
Is no electrical contact between adjacent stranded conductors after the polymeric insulation has been 

75 removed. It Is believed that In this case the integrity is retained because the profile of a stranded conductor 
is not cylindrical but rather as in the form of a hexagon that rotates along the length of the conductors, so 
that adjacent stranded conductors will touch one another only at a few points along their length, which 
points are always provided by the outwardly oriented part of the surface of the strands in the outer layer of 
the conductors. It is these points of contact that are always provided with the refractory coating. 

20 The refractory coating preferably has a thickness of at least 0.5, more preferably at least 1 and 
especially at least 2 micrometres but preferably not more than 15 and especially not more than 10 
micrometres, the most preferred thickness being about 5 micrometres depending upon specific operational 
requirements. The exact thickness desired will depend on a number of factors including the type of layer 
and the voltage rating of the wire, circuit integrity cables usually requiring a somewhat thicker coating than 

25 signal integrity cables and sometimes above 15 micrometres. The lower limits for the coating thickness are 
usually determined by the required voltage rating of the wire whilst the upper limits are usually determined 
by the time, and there fore the cost of the coating operation. 

Preferably the insulating refractory coating is formed from an electrically insulating infusible or 
refractory metal or semi-metal oxide or nitride and the invention will be described below in many cases with 

30 respect to oxides and nitrides although othe refractory coatings are included. By the term "infusible" or 
"refractory" is meant that the coating material in its bulk form should not fuse or decompose when 
subjected to a temperature of 800 **C. for 3 hours. Preferably the oxide or nitride should be able to withstand 
higher temperatures also, for example it should be able to withstand a temperature of IpOCC for at least 20 
to 30 minutes. The preferred oxides and nitrides are those of aluminium, titanium, tantalum and ^licon or 

35 rnixtures thereof with themselves or with other oxides or nitrides. Thus, for example, the use of mixed metal 
oxides for the refractory coating are also encompassed by the present invention. It should be appreciated 
that the oxide or nitride layer need not and in many cases will not have a precisely defined stoichiometry. 
In a number of cases, depending on the method of forming the refractory coating, the coating will contain 
the metal or semi-metal in a stoichiometric excess, that is to say. the coating will contain more metal than is 

40 required for the stoichiometry of a defined formal oxidation state of the metal. Accordingly the terms 
"alimunium oxide", "titanium oxide", "tantalum oxide", "metal oxide" and the equvaleht terms when 
referring to nitrides are intended to include non-stoichiometric compounds. It is often advantageous for the 
refractory coating to be non-stoichiometric since this may increase the adhesion between the refractory 
coating and the conductor or any underiying layer, and especially if the stoichiometry of the refractory 

46 coating varies through at least part of its thickness so that stresses that may be induced in the coating, for 
example due to differential thermal expansion, are not localised to a boundry of the coating and so that 
different parts of the coating will exhibit different properties. For example, a relatively metal-rich part of the 
coating may exhibit good adhesion to the conductor or intermediate layer while parts of the coating having 
least metal or semi-metal may exhibit the best electrical properties. 

50 Thus, according to another aspect the invention provides an elongate metallic electrical conductor 
having an adherent coating of a refractory oxide or nitride of a metal or semi-metal, the coating having a 
stoichtometry that varies through at least part of its thickness such that the proportion of oxygen or nitrogen 
Increases toward the outer surface of the coating. If desired, the stoichiometry of the refractory coating may 
vary continuously throughout the thickness of the coating or it may contain one or more layers or strata of 

55 relatively uniform stoichiometry. Thus the coating may have an outer region of relatively uniform 
stoichiometry and preferably of a relatively high oxygen or nitrogen content in order to exhibit the optimum 
electrical properties. The relative thicknesses of the non-uniform and uniform layers may vary widely. For 
example the rhajor part of the coating may have a non-uniform stoichiometry or the major part of the 
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coaling's thickness may be of uniform stoichiometry, in which latter case the non-unifbnn part of the coating 
could even be considered as an Intermediate layer that improves adhesion of the coating especially at high 
temperatures. If the underlying metal or semi-metal-rich part of the coating is intended to improve the 
adhesion of the refractory coafing. Its partcular composition will depend on the composition of any 
underlying layer, arid in some cases it may be desirable for the metal or seml-metaT rich part to consist 
substantially entirety of the metal or semi-metal so that there Is a gradual change from the metal or semi- 
metal to the oxide or nitride. This is parScularly prefiamed if the system includes an intermediate layer of the 
same metal or seml-metal. 

The precise stoichiometry of the uniform top layer can be determined experimentally using wavelength 
dispersive electron microprobe analysis or by using x-ray photoeFectron spectroscopy PC'S). The composi- 
tlon-of the coaling as it changes fix)m metal to refiraclo^^ depth ran Be^issessed using Auger 

electron spectroscopy (AES) in which the film is continuously sputtered away to expose fresh surface for 
composition analysis. 

The variation In stoichiometry is not fimited to a variation in the metal or seml-metal/oxygen or nitrogen 
proportions. In addition or altematively tfie relative proporfkuis of two different metals or semi-metals may 
be varied so tiial. for eaample. tiiere is a gradual change from one metal, which may constitute an 
intermediate layer, to the oxide or nitride of a different metal. 

The outer region of the refractory coating preferably has a molar oxygen or nitrogen content that is at 
least 50%, more preferably at least 65% and especially at least 80% of tiie oxygen or nitrogen content of a 
20 defined stable fonmal oxidation state of tfie metal. Thus ttie prefenred oxide composition of ttie outer region f 
may be represented as 

IWO X where x is at least 0.75, preferably at least 1 and especially at least 1.25 in ttie case of aluminium, 
at least 1, preferably at least 1.3 and especially at least 1.5 in tiie case of titanium or silicon, and 
at least 1 .25, preferably at least 1 .6 and especially at least 2 in the case of tantalum. 

For relatively tiiin refractory coatings tiiat have a stoichiometric excess of tiie metal or semi-metal it has 
been found that the coating remains insulating as tiie temperature is raised up to a certain temperature, 
usuaHy in tiie range of 300 to 600 and then becomes conductive when a load of 30 V is applied. In 
general tiie electrical properties of ttie coatings, as detennined by tiie temperature of onset of conductivity, 
may be improved botfi by increasing ttie ttiickness of ttie coating and by Increas Ing tfie oxygen or nitrogen 
content tiiereof atthough to some extent eitiier ttie ttiickness or tiie oxygen or nitrogen content may be 
increased at the expense of the other. 

ARhough it is possible, at least in the broadest aspect of the invention, for tiie refractory coating to 
consist of a single layer only which is desposited on tiie conductor, it is possible, and in many cases 
preferable, for one or more additional layers to be formed. For example a refractory coating comprising an 
oxide may have a refractory nitride layer ttiereon. Examples of nifrides ttiat may be deposited on refractory 
coatings to Improve tiie mechanical properties include titanium nitiide or aluminium nitride. 
■ Ottier examples of additional layers tiiat may be exployed are metallic or refractory intemiediate layers 
located between tiie conductor and ttie refractory oxide or nitride coating as mentioned above. Metallic 
intermediate layers may be present in order to improve tiie adhesfon between tiie refractory coating and the 
conductor and include tiiose metals from which ttie refractory coating Is formed or ottier metals or both. 
Prefenred metalfic intermediate layers include ttiose formed from aluminium, titanium, tantalum or silicon 
alttiough otiier metals, e.g. nickel, silver or tin may be used, which may have been previously applied to the 
conductor by conventional techniques. Thus, for example, while copper is ttie preferred metal for forming 
ttie conductor, a silver plated steel wire may be used ff the wire is intended to cany very high frequency 
signals. By examination of wire samples u^ng a scanning electron microscope, it has fc>een observed ttiat 
two failive mechanisms of coated conduc- 

he used, which may have been previously appHed to tiie conductor by conventional techniques. Thus, for 
example, while copper is tiie prefenred metal for fbmiing tiie conductor, a silver plated steel wire may be 

60 used if ttie wire is intended to cany very high frequency signals. By examination of wire samples using a 
scanning electron microscope. It has been observed ttiat two failure mechanisms of coated conductors tiiat 
are exposed eittier to very high temperatures (about SOO^'C) or even to relatively low temperatures (500'='C) 
for long periods of time, may be eliminated or substantially reduced by provision of a metallic intermediate 
layer, especially in conjunction witii a refractory coating ttiat has a region of non-unifonn stoichiometiy. The 

55 first failure mechanism is spalling of ttie refractory coating wherein tiie coating cracks and tiien falls off tiie 
conductor in flakes. The second failure mechanism, referred to hereafter as "conductor migration" or 
"copper migration- is one in which small holes or cracks occur In tiie refractory coating and ttie underiying 
conductor metal, usually copper, exudes ttirough ttie holes or cracks to form microscopic masses of 
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conductor metal on the outer surface of the coating. The masses may be in the form of small globules or a 
network of "dyked" formed In the cracks or in extreme cases they may even coalesce to form a layer 'on 
top of the refractory coating. Surprisingly, with a Copper conductor, this failure mechanism may occur at 
temperatures as low as 500**C, well below the conductor melting point It is believed that provision of an 
5 Intermediate layer and/or varying the stoichiometry of the refractory coating reduces the interfacial stress 
and hence crack formation in the coating* and thereby prevents or reduces conductor migration since this 
occurs most easily through cracks; 

This failure mechanism, and the solution to the failure mechanism is applicable to a wide range of 
articles In which refractory coatings are provided for thermal protection, mechanical protection, corrosion 
10 protection and the like. Examples of such articles include electrical connectors, mechanical couplings 
casings and the like. Accordingly, yet another aspect of the invention provides: 

An article of manufacture that is formed at least partly from a metal and has, on at least part of a 
metallic surface thereof, an adherent refractory coating for protecting the article, wherein the refractory 
coating has a stoichiometry that varies such that the proportion of metal in the refractory coating increases 

76 toward the surface of the underlying metallic article and/or the coating is bonded to the article by means of 
an intermediate metailk: or refractory layer, so that migration of underlying metal of the article through the 
refractory coating when the article is heated is suppressed. 

All the compositions, structures and processes described herein are applicable to such articles. 

More than one intermediate layer may be provided on the conductor if desired, for instance a barrier 

20 layer may be provided between the conductor and the other intermediate layer or an alloy layer may be 
formed from a deposited metal and the conductor metal (e.g. Aluminium/copper) during manufacture, or in a 
subsequent heating step or In high temperature use. In at least some cases the provision of an alloy layer 
significantly improves adhesion of the coating. 

In the case of wires according to the invention, the polymeric insulation is provided in order to provide 

25 additional insulation to the conductor during normal service conditions and also to enable the wire to have 
the desired dielectric properties. However, an important advantage of the present invention is that since a 
significant proportion of the service insulating properties are provided by the refractory coating, the 
electrical properties of the polymeric insulation are not as critical as with other wire constructions in which 
the polymeric insulation provides the sole insulation between the conductors. Of the known polymeric 

30 materials that are used for electrical insuiation, polyethylene probably has the most suitable electrical 
properties but is highly flammable, and has poor mechanical properties. Attempts to flame retard polyethyl- 
ene have either required halogenated flame retardants which, by their nature, liberate corrosive and toxic 
hydrogen halides when subjected to fire, or have required relatively large quantities of halogen free flame 
retardants which have a deleterious effect on the electrical properties and often also the mechanical 

35 properties of the polymer. Accordingly, an acceptable wire has in the past only been achieved by a 
compromise between different properties which is often resolved by using a relatively thick-walled 
polymeric insulation and/or dual wall constructions. Although such fonms of polymeric insulation may be 
used with the wire according to the present invention, the presence of the refractory layer does obviate 
these problems to a large extent since the polymer used for the insulation may be chosen or its 

40 flammability and/or its mechanical properties at the expense of Its electrical properties. As examples of 
polymers that may be used to fonm the polymeric insulation there may be mentioned polyolefms e.g. 
ethylene homopolymers and copolymers with alpha olefins, halogenated polymers e.g. tetrafluoroethylene, 
vinylidene fluoride, hexafiuoroprppylene arid vinyl chloride homo or copolymers polyamides. polyesters, 
polyimides, polyether ketones e.g. polyaryJether ketones, aromatic polyether imides and sulphones, sili- 

45 cones, alkene/vinyi acetate copolymers and the like. The polymers may be used aione or as blends with 
one another and may contain tillers e.g. silica and metal oxides e.g. treated and untreated metal oxide flame 
retardants such as hydrated alumina arid titania. The polymers may be used In single wall constructions or 
in multiple wall constructions, for example a polyvinylidine fluoride layer may be located on for example' a 
polyethylene layer. The polymers may be uncrosslinked but preferably are crosslinked, for example by 

so chemical cross-linking agents or by electron or gamma irradiation. In order to Improve their mechanical 
properties and to reduce flowing when heated. They may also contain other materials e.g. antioxidants, 
stabilizers, crosslinking promoters, processing aids and the like. It is more particufalry preferred for the 
polymeric insulation to contain a filler e.g. hydrated alumina, hydrated titania, dawsonlte, silica and the like, 
and especially a tiller that has the same chemical composition, at least under pyrolysis conditions, as the 

55 refractory coating, so that the tiller in the polymeric insulation will provide additional insulation when the wire 
or cable is subjected to a fire. Another preferred type of polymeric insulation is that based on an aromatic 
polymer, for instance certain aromatic polymers mentioned above, that will char or ash when subjected to a 
tire so that the char or ash, together with the refractory coating, will provide the necessary insulation during 
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a fire. Bsmples of polymers, compositions, their manufacture and wires using them are described In U.S. 
Patent Specifications Nos. 3.269.862. 3.580.829. 3,953.400, 3.956.240. 4.155.823. 4.121.001 and 4.320. 224, 
British Patent Specifications Nos. 1.473,972; 1,603,205. 2,068.347 and 2.035.333, 1.604.405 and in Eu- 
ropean Patent Specification No. 69,598. the disdosures of which are incorporated herein by reference. 
5 Preferably the wire is substantially halogen free. 

At least for certain aspects of the present Inverrfion, the oxide layer may be applied to tfie conductor by 
any of a number of techniques. For example a metal layer may be deposited and then ojddized, e.g. an 
aluminium layer may be fqnried and then anodized. Alternatively the metal may be oxidised in a 
commercially available plasma oxidation unit The formation of the metal layer may be achieved in a 
70 number of ways, for instance by electroplating, standard wire cladding techniques ^uch as roll bonding, and 
by "vacuum "deposition techniques'^ evapdration. flarne spraying^ pTasrna assisted chemical 

vapour deposition (CVD) or other techniques. Altematively the coating may be formed by a plasma ashing 
technique in which tiie metallic conductor is coated with, for example, a titanate or siloxane resin and is. 
then passed tiirough an oxygen glow discharge plasma whereupon the resin is "ashed" to leave a coating 
IS of titanium dioxide or silica on the conductor. 

The oxide coating may also be applied directiy to the substrate which may be tiie uncoated conductor 
or conductor coated witii one or more intemnediate layers. A vacuum deposition mettiod such as 
evaporation, plasma assisted chemical vapour deposition, or espedally a sputtering method is prefen-ed. 
in the sputtering method, predominantiy neutral atomic or molecular species are ejected from a target. 
20 Which may be fonned from tine material to be deposited, under tiie bombardment of inert positive ions e.g. 
argon ions. The high energy species ejected will travel considerable distances to be deposited on the wire 
conductor substrate held in a medium vacuum, e.g. 10"^ to 10^2 mbar. The positive ions required for 
bombardment may be generated in a glow discharge where ttie sputtering target serves as the cattiode 
electrode to the glow discharge system. The negative potential (witii respect to gnDund and tiie glow di- 
« scharge is maintained in the case of insulating target materials by tiie use of radio frequency power applied 
to the cathode, which maintains tiie target surface at a negative potential ttiroughout the process. DC power 
may be applied when tiie target is an electrically conducting material. The advantage of such techniques is 
that control of the target material is greafly enhanced, and tiie energy of tfie speaes ejected is very much 
higher than witti evaporation methods e.g. typically 1 to 10 eV for sputtering as compared with 0.1 to 0.5 eV 
30 for evaporation metiiods. Considerable improvements in interfaclaJ bonding are achieved but the deposition 
rate in the sputtering process described will be lower tiian tiiat for electron beam evaporation. 

In magnetron sputtering processes the plasma is concentrated irhmediately in front of the cathode 
(target) fay means of a magnetic field. The effect of tiie magnetic field on the gas discharge is dramatic. In 
tiiat area of discharge where penmanent magnets, usually installed behind the cattiode. create a sufficiently 
35 Strong magnetic field vertically to tiie electric field, secondary electrons resulting from tiie sputter 
bombardment process will be deflected by means of ttie Lorenz force into circular or helical patiis. Thus tiie 
density of eiecti-ons immediately in front of tiie cathode as well as tfie number of ionised argon atoms 
bombarding tiie catiiode are substantially increased. The result of this increase in plasma density is a 
considerable increase In deposition rate. Bias sputtering (or sputter ion plating) may be employed as a 
variation of this technique. In tills case tiie wire conductor is held at a negative potential relative to tiie 
chamber and plasma. The bombardment of tiie wire conductor by Argon ions results in highly cleaned 
surfaces. Sputtering of tiie target material onto ttie wire conductor tiiroughout this prcicess resulte in a 
simultaneous deposition/cleaning mechanism. This has tiie advarttege tiiat the interiacial bonding Is 
considerably improved. In sputter ion piating. systems botii substrate and tiie wire conductor are held at a 
negative potential. In tills case the relative potentials are balanced to promote preferential sputtering of the 
targ^ material. The target voltage will be typically less than 1KV, dependant on system design and target 
matenal. The wire substrate, may be immersed in its own localised plasma dependant upon ite bias 
potential, which will be lower tiian tiiat of the target. The exact voltage/power relationship achieved at either 
target or substrate is dependant upon many variables and win differ in deteii from system to system 
Typical power densities on ttie target are 10.20w/cm2 The load to the substrate may be substantially lower 
often as litUe as 5% of the target load. 

The prefen^ed technique tiiat is used to apply tiie oxide or nitride coating is a reactive bias sputtering 
metfiod in which reactive gas is irtroduced into ttie vacuum chamber in addition to argon so tiiat the 
oxide^nitride of tiie target material, which in tfiis case is a metal rattier ttian tiie oxide/nitride will be 
deposited. Experimental results have shown tiiat ttie level of reactive gas and its admission rate have a 
significant effect on deposition rates. The precision control of partial pressure of ttie reactive gas and tiie 
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analysis of the sputtering atmosphere in a closed loop control system is considered highly, desirable. Apart 
from the simultaneous deposition/cleaning advantages mentioned above, the ion bombardment of the 
substrate provided by the r.f. discharges enhances surface reaction between the reactive gas and 
depositing species,' resulting in more efficient formation of the coating with the required stoichiometry. 
5 Partial pressure of reactive gas is determined experimentally but will normally be between 2 and 25% 
but sometimes up to 30%, the exact level depending on the required stoichiometry of the coating and 
deposition rate. . Reactive sputtering is also the preferred technique because It facilitates alterations to the 
stoichiometry of the coating. For example, an intermediate "layer" of the pure metal used for the 
oxide/nitride coating may be deposited in such a way that there is no defmed boundary between the 

70 conductor m@ta!, oxide/nitride metal and oxide/nitride layers. 

The vacuum chambers and ancillary equipment, including micro-processor gas coritrol units and a 
variety of targets used in these mathods may be purchased commercially. Many variations in design are 
possible but most employ the use of "box" shaped chambers which can be pumped down to high vacuum 
for use in any of the vacuum deposition processes mentioned. Systems are normally, but not exclusively. 

75 dedicated to one deposition process. One system which may be employed to coat wires uses air to air 
transfer techniques for passage of the wire conductor through the deposition chambers and empoys one or 
more ancflliary vauum chambers either side of the main deposition chamber. 

These ancilliary chambers are held at progressively higher pressures as they extend from deposition 
chamber to air. This reduces the load, on individual vacuum seals. The system described has the advantage 

20 of continuous feed of the wire conductor over batch process arrangements. In the vacuum deposition 
chamber the pressure is held constant at a pressure normally between 10"^ and ^Q~^ Torr. 

The targets employed are commercially available Planar Magetron Sputtering sources. Their size may 
vary widely, and targets in excess of 2 metres in length may be employed. Between two and four such 
sources may be arranged opposite one another so as to surround the wire conductor passing through the 

25 chamber or to sputter from at least two sides. The arrangement may be employed in series to increase wire 
throughput rates. As descrik>ed above a negative bias is applied to the magnetron to initiate the sputtering 
process. The wire may be held at a lower negative bias as described earlier. 

Refinements to the system can, if desired, be employed. For example, the use of an intermediate 
vacuum station between the air (input side) and the deposition chamber may be employed to generate an 

30 Argon ion glow discharge which cleans the wire conductor suface by ion bombardment prior to its entry into 
tfje vacuum deposition chamber and also heats the wire conductor. 

Further intermediate chambers can be employed between the cleaning and deposition chamber to 
deposit intermediate layers which may be used to increase bonding or oxide /nitride to wire compatibility. 
Conditions may be controlled to produce any of the conductor coatings described above in which no 

35 defined boundries occur between the layers. For example an intermediate "layer" of the pure metal used 
for the refractory coating may be deposited in such a way that there is no defined boundry t>etween the 
conductor rrietal, the Intermediate layer and the oxide or nitride coating. In a similar fashion additional 
chambers can be employed between the deposition chamber and air (output end) to deposit different metal, 
metal oxide or metal alloys onto the refractory coating for improved lubrication or wear resistance. 

40 Evaporation and the related processes of activated evaporation and ion plating offer alternative 
techniques for deposition of the coating, with signiticant advantages in deposition rate. 

Evaporation of the coating material is achieved by heating the material such that its vapour pressure 
exceeds 10'^mbar. Evaporation temperatures vary according to coating material, e.g. 1300-1 800 "C for 
refractory metal oxides, the pressure being usually 10"^ to 10"*mbar. Similar wire transport system to those 

45 described may be used to hold the substrate about 30-40 cm above the source. Several heating methods 
exist e.g. resistive, inductive, electron beam impingement etc. although the preferred method is an electron 
beam source where a beam of high voltage electrons e.g. at a potential of 10,000V impinge onto the coating 
material contained in a water^-cooled crucible. The use of multi-pot crucibles or twin source guns, enable 
multiple layers and graded stoichiometry layers to be deposited with the aid of electronic monitoring and 

50 control equipment. 

Compound coatings can be made either by direct evaporation from that compound e.g. AI203 or by 
reactive evaporation, e.g. aluminium evaporated into a partial pressure of oxygen to give aluminium oxide. 
Variations in the process exist either to promote reactions or adhesion, e.g. Activated reactive evaporation 
(ARE) can be used to increase the reaction prot>ably between the evaporant and the reactive gas. 

55 
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In Ion-plating, negative bias applied to the substrate in an inert gas. promotes simultaneous 
cleaning/deposition mechanisms for optimising adhesion as described in the sputtering process. Bias level 
of -21CV are typically used but these can be reduced to suit wire substrates. Alternatively, high bias can be 
applied to a plate positioned behind the traverse wire to achieve a similar effect As operation pressures are 
higher in the Ion plating technique, e.g. 10-3 to 10-2mbar. gas scattering reisults In a more even coating 
distribution. To protect the filament the electron lieam gun in the ion plating technique is differentially 
pumped to maintain vacuum higher than 10"^ mbar. 

In the Plasma assisted chemical vapour deposition (PACVD) mettiod tiie substrate to be coated is 
immersed in a low pressure (0.1 to io Torr) plasma of tiie appropriate gasesAfOlatile compounds. This 
pressure is maintained by balancing the total gas flow-rate (1 to 1000 cm3/min) against the throughput of 
the pumping system. The plasma Is electrically acti>^ted and sustained by coupling the energy from a 
power generator through a matching networic into the gas medium. Thin films have been successfully 
deposited from direct current and higher frequency plasmas well Into the microwave range. At high 
frequencies the energy may be capacrtatively or inductively coupled depending on chanber design and 
electrode configuration. Typically a 13.56 MHz radio-frequency generator would be used having a rating 
which would allow a power density of between 0.1 - lOW/cm^ in a capacitativefy-coupled parallel-piate type 
reactor. The substrate, which could be set at a temperature of up to 400*>C. may be grounded, floating at 
plasma potential or subjected to a dc voltage bias as required. Typically deposition rates for this technique 
can be favourably compared wrth tiiose obtained by sputtering. The deposition of alumina may be achieved 
by immersing a substrate In a plasma containing a volatile alumina compound (e.g. Tri-mettiyl aluminium or 
Aluminium butoxide) and oxygen under appropriate processing conditions. 

After the oxide coating has been deposited on tiie wire conductor the polymeric insulation may be 
extruded onto the coated conductor by methods well known in the art 

In order to fonm a circuit or signal integrity on cable the appropriate wires according to tiie invention 
may simply be laid together and be enclosed in a jacket If desired the wires may be provided with a 
screen or electromagnetic Interference shield before the cable jacket is applied. Thus a cable may be 
fonned in a continuous process by means well known In ttte art by braiding tiie wire bundle and extruding a 
cable jacket tiiereon. Any of tiie materials described above for the wire polymeric insulation may be used 
although halogen-free compositions e.g. compositions as descn"bed In tiie U.K. Patefit Specifications Nos 
30 1.603.205 and 2.oe8,347A mentioned above are preferred. It is of courde possible to employ additional 
means for providing integrity of the cable such as mica tape wraps, but tiiese are not necessary nor are 
they desirable in view of tiie increased size and weight of the cable. 

In certain drcumstances it may be desirable to coat the oxide layer with a tiiin coating of a polymeric 
resin or lacquer in order to provide a bamer against water or electrolytes during service. 

The present invention Is especially suitable for fomiing flat cables which, as will be appreciated, are not 
susceptible to being wrapped witii mica tepe. Thus according to anotiier aspect of tiie invention there is 
provided a flat cable which comprises a pluraTity of elongate metallic electrical conductors which have an 
adherent coating of an electrically Insulating refractory oxide or nitride of a metal or semi-metal other than 
that from which tiie, conductors are fomied. the conductors being laid in side-by-side relationship and 
enclosed in a continuous polymeric catrie insulating layer. 

Several embodiments of tiie Invention and a method of production thereof will now be described by way 
of example witii reference to the accompanying drawings in which: 

Rgure 1 is a cross-section through one form of wire according to the present invention; 
Rgure 2 is a cross-section tiirough a ^gnal integrity cable employing tiie wires of figure t; 
Rgure 3 is a cross-section through part of a flat conductor flat cable; 

Rgure 4 is a schematic view of part of tfie sputtering apparatus showing its wire handling 
mechanism; and 

Rgure 5 Is a graphical representation showing the variation in composition of tiie coating against 
thickness. 

Refening to figure 1 of the drawings a 26 AWG stranded copper conductor formed from 19 copper 
strands 1 ts coated witii a 5 micrometre tiiick layer 2 of aluminium oxide by tiie reactive sputter ion plating 
method described above. A coating 3 based on a polyetherimlde sold under tiie trade mane "ULTEM" is 
then extaided on ttie oxide coated conductor to fomn a polymeric "insulating" layer of mean wall thickness 
0.2 mm. 

Figure 2 shows a signal integrity cable fonned by laying togetiier seven wires shown in figure 1 
fomiing ai electromagnetic interference screen 4 about the bundle by braiding and then extruding tiiereon 
a jacket 5 based on a halogen-free composition as described in British Patent Specification No. 2,068,347 
example 1A 
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The cable so formed is particularly ligiitweiglit and has a relatively small overall diameter in relation to 
the volume of the copper conductor. 

Rgure 3 shows a flat conductor flat cable comprising an array of flat copper conductors 1 with a 100 
mil (2.54 mm) spacing. Each copper conductor 1 is provided with a 5 micrometre alumina coating as 
5 described above and the coated conductors are embedded in a single polymeric insulating layer formed 
from the polyether imide sold under the trade name "ULTEM". 

Apparatus for use in a batch process for coating wire conductor substrate is Illustrated in Rg. 4. The 
apparatus comprises a vacuum chamber into which a complete wire transpwDrt mechanism which includes 
wire pay-off reel 2 and take-up reel 3, wire support roils 10 and tensioning rolls 11 Is loaded. The 
10 mechanism engages motor drives which control the passage of wire 4 so that the wire traverses a vertically 
mounted target 5 a number of times. Deposition occurs by the processes previously described. As before, 
variations In set-up are possible. An additional target (not shown) may be employed on the other side of the 
wire to increase coating rates and additional targets, e.g. target 6 can be employed to deposit intermediate 
layers before and/or after deposition of the primary oxide/ nitride coating. Suitable design of the gas iniet 
75 system to suit the specific geometries employed can facilitate deposition of layers which have no defined 
boundaries as described previously. Batch length will depend on chamber dimensions and transport system 
design. 

In the operation of such a batch process wire 4 is transferred from one reel 2 to the other 3 within the 
chamber. The route tai<en by the wire may cause It to pass before the smaller ancillary target 6 to deposit 

20 an intermediate layer of any desired material. Power to this target, combined with wire speed and the 
number of passes In front of the target will control the thickness of the Intermediate layer deposit The wire 
4 may then pass in front of the larger primary target 5 to deposit the main coating. Again thickness will be 
dictated by a combination of power, wire speed and a number of passes. The ratio of thicknesses between 
the intermediate and the primary coating is controlled in the same way. Multi-layers can be built up by 

25 reversing the mechanism as desired such that the wire 4 passes back past the targets 5,6 In reverse order. 
Thickness and compositions may be altered in the reverse pass as required, e.g. the process employed at 
the smaller magnetron may be reactive on the reverse pass to deposit a compound of the metal on the 
intermediate layer, e.g. Ti and TiNx. Deposition of layers with no defined boundary between the metal 
intermediate layers (or substrates) and the oxide/nitride coatings may be achieved by setting up gradients 

30 of reactive gas in front of the primary target, such that wire at the top edge of the target 5 is subjected to 
deposition in an Argon rich atmosphere which gradually increases in reactive gas content as the wire 
progresses down the face of the target. A gradient can be achieved by a baffle system (not shown) which 
progressively leaks oxygen introduced at the fc)Ottom end of the target towards the upper end. 

A simpler technique for producing the layer with no defined boundary involves use of a multipass 

35 process in which wire 4 Is passed back and forth through the system, and with each pass the level of 
reactive gas is increased to a final level required to obtain the correct stolchiometry. Thus the stoichiometry 
of the intermediate layer increases in a series of small incremental steps from metal to required 
stoichiometry. Composite targets may also be used to produce intermediate layers with stolchiometry 
gradients. In the case of discrete articles, the articles may instead be held in front of the target by means of 

40 a rotating sample holder. 

Rgure 5 is an Auger electron spectrogram for a coating having a 1 micrometre top layer of alumina^ an 
intermediate region that varies in stoichiometry for about 0.7 micrometres to a metal intermediate layer of 
aluminium also measuring 0.7 micrometres. The film is deposited on a copper conductor. 
The following Examples illustrate the invention: 

45 

EXAMPLES 1 and 2 

Copper conductors were provided with an insulating aluminium oxide coating, approximately 2 micro- 
50 metres thick, by use of the sputtering apparatus shown schematically In figure 4 of the drawings. The 
sputtering conditions were as follows: The wire 4 was precleaned by vapour degreasing In 1,1-trich- 
loroethane prior to the deposition. The cleaning was achieved by passing wire continuously through the 
vapour in a vapour degreasing bath such that a residence time of 3 minutes was achieved. The wire 4 was 
then loaded into the vacuum chamber as shown in Rgure 4. The chamber was evacuated to a pressure of 1 
55 X 10"^ mbar prior to starting the process. At this stage Argon was admitted to attain a pressure of 1 x 10'^ 
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mbar whereupon a high frequency (300 ktiz) bias potential was applied to the wire handling system which 
was isolated from ground. A bias potential of -200V is achieved prior to fransferring the wire 4 from reel 3 to 
reel 2 such that a residence time of 10 minutes was achieved. On completion of the cleaning cycle.the 
pressure is reduced to 7 x 10^ mbar and the deposition process started. 

5 4 kW of DC power was supplied to the aluminium target 5 which stabilises to a voltage of -480 volts. 
This voltage varied with sample geometries, target material and gas composition, e.g. on introducing 
oxygen gas to the system the target voltage will drop (in systems where power is the controlled parameter) 
as the oxygen reacts wttti the target to "poison" the surface. By careful dosed loop monitoring and control 
of the system e.g. by quadrupole mass spectrometer sensing, the oxygen introduction was held such that 

10 just sufficient oxygen was introduced to react with the sputtered aluminium to form Alumina without 
significantly poisoning the target'TTie oxygen level was held in balance such tfet th^ alumina deposited is 
as cose to full stoichiometry as possible. The wire passes from reel 2 to reel 3 being reactiveiy coated as it 
passed the target 5. Residence time in this region was controlled by wire speed and adjusted to give the 
required thickness. The roller mechanism alternated tiie wire face exposed to tiie target as it progresses 

75 down the target length. Target 6 was not employed. 

The coated conductors were then provided with a 0J25 mm insulating layer of low density polyetiiylene 
which was crossOnked by Inradiation with high energy electrons to a dose of 20 Mrads. 

The electrical performance of the insulated wires so formed was tested by twisting a pair of identical 
wires (2 twists per 2.5 cms lengtii) to form a twisted pair cable of 1.5 m in lengtii. connecting one end of 

20 the wires to a 1 MHz. 30V square wave source and observing tine wave across a 200 ohm load at the other 
end of tiie wires by means of an oscilloscope. The central section of tiie wires (about 0.5m in iength) was 
placed in an electric tube furnace and heated at a rate of 20*»C per minute. The temperature of tiie wires 
when tiie insulation fails was recorded. The wires were then allowed to cool and tiie insulation of tiie wire 
retested. It was noted that the polymeric insulation layer auto ignites at approdmateiy 430»C, leaving only 

25 the tiiin oxide layer as insulation, which continued to function perfectiy untii tiie failure temperature 
indicated. 

By way of comparison, tiie procedure was repeated, using wires Insulated only by the cre>sslinked 
polyethylene. 

The results are shown in Table I, from which it may be seen that wires prepared according to the 
30 invention are superior to polymeric insulation botii in regard to tiie temperature at which Insulation is iost 
and by virtue of the reversibility of the loss on subsequent cooling. 



35 TABLE I 

Temperature of Performance 
total insulation after coolina 



40 



45 



failure 



EXAMPLE 1 soo^C insulating 

EXAMPLE 2 (Comparison) <I30®C conducting 



EXAMPLES 3 and 4 

Examples 1 and 2 were repeated, witti ttie exception that tiie twisted pair cables were subjected to 
heating in a propane gas burner having a flat flame 8 cm wide. The temperature of tiie flame just below tine 
twisted pairs was maintained at 620*»C and the time to failure recorded. 

The results are given in Table II, from which it may be seen tht wires according to the invention exhibit 
greater times to failure. The polymeric insulation bums away in tiie propane flame quickly, leaving the oxide 
layer as sole insulation until ultimate failure. 
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TABLE II 



10 



EXAMPLE 5 

EXAMPLE <1 (Comparison) 



Tine to failure in 620^C 
propane flame 

2 ainutes 
20 seconds 



76 



20 



25 



30 



EXAMPLES 5 to 7 

In Example 5. Example 1 was repeated except that target 6 (figure 4) was employed to deposit a layer 
of aluminium metal onto the copper prior to the deposition of the aluminium oxide layer. Oxygen was 
supplied locally (and monitored locally) to target 5 to prevent contamination of target 6 which was shielded 
within the chamber . In Example 6 and 7 Example 5 was repeated with the exception that an oxygen 
gradient was estab lished on target 5 to form an oxide layer intermediate between the metal interlayer (from 
target 6) and the oxide layer from the bottom of target 5. Oxide thickness can be Increased by reversing the 
wire back past target 5 as required. Target 6 is not employed in these subsequent passes. Twisted pair 
cables were tested in the tube furnace and in the propane gas burner as described in Examples 1 to 4. 

In all the examples the top layers of unifomn stoichiometry aluminium oxide had a thickness of 
approximately 2 micrometres. The results are given In Table III from which It may be seen that the 
presence of one or more interiayers significantly increases the temperature of time to insulation failure. As 
noted from Example I, the polymeric portion of the insulation auto ignited in the tube furnace at 
approximately 430 ''C, leaving the thin composite oxide layers to function as sole Insulation until the 
indicated temperature of failure. Similarly, the polymeric portion quickly burned away in the propane flame. 
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TABLE III 

Exanple Alimnlum Alvsniniurr. oxide 
Wo> layer intermediate 
Biicrometres layer ^ 

micrcmetres 



l^siperature 
total insulation 
failure (furnace 
test) 



TiJTte to 
failure 
in 620 
dea- flame 



1 


0 


0 


50D"C 




3 


0 


0 




2 iidnutes 


5 


0.2 


0 


750»C 


not measured 


6 


0.3 


0.3 


800»C 


>30 mr£ 


7 


0.3 


0.3 


>750»C 


>30 mins*^ 



^ flame temperature t^as 650*C for this experiment o 

Note: In Table III the inequality sign > signifies that the test was terminated at the time indicated, no 
failure of the insulation being recorded. 

Example 7 was the same as Example 6, except that 7 strand 20 AWG wire was used. This Example 
shows clearly that excellent high temperature insulation may be obtained even when only a portion of each 
outer strand is covered with the thin composite layer. 
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EXAMPLES 8 to 14 

Copper conductors were provided with insulating oxide layers under tlie following conditions: Example 8 
as Example 1. Examples 9 to 11 as Example 5. Examples 12 to 14 as Example 8. The necessary 
6 adjustments to wire speed/ wraps and hence residence time was adjusted to achieve the con^ct thickness 
of the various layers. 

The DC electrical resistivity of the oxide layers was measured before and after heating the coated 
conductor to 900 '^C for 30 seconds using a bunsen burner in place of the propane burner of E)«mples 3 
and 4. The oxide film was observed after the heat exposure for adherence, cracks, etc. The results are 
10 given in Table IV, from which it may be seen that by the use of interlayers (i.e. aluminium and varying 
stoichiometres of aluminium c»dde) adhesion can be Improved to the point where no spalling occurs, even 
at 900**C and also films which are highly resistive before and after exposure to this temperature can be 
obtained. 

75 



20 



25 



30 



35 



40 



4S 



SO 



55 



12 



0 249 252 




13 



0 249 252 



EXAMPLE 15 

s 

7 Strand 20 AWG copper conductors were provided with a composite coating consisting of a first layer 
of 2 micrometres of titanium, a second layer of 2 micrometres of graded stoichiometry TiOx in whicli x 
varied from 0 to 2, and a third iayer of 2 micrometres of TiOa prepared as Example 7 with the exception that 
the targets 5, 6 were replaced with Titanium metal targets. The necessary adjustments to residence times 
70 were made for thickness control. Twisted pairs of these coated conductors were heated to 900" C for 10 
seconds. It was observed that coating remained intact, with no spafling and no copper migration through the 
layer. 



75 EXAMPLE 16 

A cable formed as described above with reference to figure 2 was tested for its integrity by placing a 
lengtii of It in a flame at 800 and recording the lengtii of time before a short circuit was formed between 
any two stranded conductors or between any stranded conductor and the shield 4 (lEC 331 test). No failure 
20 was recorded after 90 minutes. 



EXAMPLE 17 

25 Copper conductors were provided with a composite coating consisting of a first layer tantalum, a top 

layer of tantalum oxide and an intenmediate layer which varies in stoichiometry from metal to Taz O5. 

Preparation Is as Example 7. The metal Intertayer measured 1.1 micrometres, combined intermediate and 

topcoats measured 2.3 micrometers. 

D.C. electrical resistivity was measured as 2.5 x 10^3 ohm cm prior to exposing the sample to a bunsen 
30 flame of 90O'C for 30 seconds. D.C. resistivity upon cooling was measured as 1J3 x 10^^ ohm cm. The 

samples were also examined using a scanning electron microscope. No spalling or copper migration was 

noted. 

The volume resistivity was also measured at elevated temperature In an apparatus which consists of a 
block of steel, heated by cartridge heaters, which formed one electrode of tiie measuring circuit and a 
35 probe of known contact area which formed the. other electiDde. The components were housed in an earttied 
Faraday cage. The heating rate of the block was not uniform: It heated at approximately 25»C/min up to 
about 400-0. decreasing steadily to about 10*C tiiereafter. The limit of the apparatus was about 650°C. 
The volume resistivity was measured using a megohm meter made by Avo Ltd., of Dover, England, at a test 
voltage of 30V D.C. 

40 Using tiiis apparatus, the volume resistivity was measured at frequent temperature Intervals so that it 
was possible to measure the temperature at which the conductor insulation will no longer support 30V. the 
curve being almost flat until tiiis temperature. For tiie tantalum oxide coated conductors of Bcample 15, this 
fall temperature Is 485*C. 

45 

EXAMPLE 18 

Solid conductor was provided with a composite refractory coating as described in Example 6. An 
additional coating TIN measuring 2 micrometers thick was subsequentiy sputtered onto the surface by the 
so reactive process used in example 6. witii tiie exception tiiat tiie aluminium target 5 is replaced witii a 
titanium target 5. The reactive gas employed is nitrogen for this latter coat.. 

The scrape abrasion resistance of the coatings was compared with that of example 6 using the 
following apparatus: a loaded blade was drawn repeatedly back and forth across the surface of tiie coated 
conductors at a frequency of 1Hz, gradually wearing away the coatings as it did so. The biade was made of 
55 hardened steel, and had a radius of curvature of 0.225mm; its stroke was 2.5. cm. The load used was 5N. 
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Abraded samples were examined using an optical microscope, and failure was considered to have failed 
when the copper conductor became esposed. Example 6 failed after 23 blade cycles on average. Example 
18 failed after 110 blade cycles on average. This improvement demonstrates that specific properties of 
coated conductors can be improved by the addition of extra protective layers. 

5 

EXAMPLE 19 

Solid 20 AWG copper conductors were provided with a composite coating consisting of a first layer of 
70 0.4 microns of titanium, a second layer of 0.4 mcron graded stoichiometry TiOx and a third layer of 2 
microns of TIO2 prepared as In Example 16 with the necessary adjustments to residence time to control 
thickness. The conductors were heated in a bunsen flame to 900'C for 30 seconds : the film coating 
remained intact, with no spailing and no copper migration through the coating. 



IS 



EXAMPLES 20 to 22 



20 



25 



Copper conductors were provided with an insulating layer of aluminium oxide of varying thickness by 
RF sputtering from an alumina target using the following conditions. Preparation was followed as in Example 
1 up to the start of the deposition process. At that stage Alumina was sputtered from an alumina target 5 
onto the wire 4 as it passed from reel 2 to reel 3. Sputtering was achieved by raising the cathode assembly 
5 - Magnetron plus target - to a potential wfth respect to ground of -370 volts by application of 2.5 KW of 
power from a radio frequency generator. On striking a plasma the impedance was matched to reduce 
reflected power to less tiian 3%. Wire speed was adjusted to give the required thickness. Target 6 was not 
employed. 

The temperature controlled volume resistivity rig described in Example 17 was used to determine the 
relationship between alumina thickness and fail temperure. 
The results are given in Table V. 



30 



TABLE V 
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EXAPIPLE 

20 
21 
22 



ALUMINA THICKNESS 

0*7 Qicrons 
1.3 Qicrons 
15 microns 



PAX LORE TEMPERATURE ' 

375*C 
4 10*C 
>S50*C* 



^Temperature liait of equipment. 



^ These Examples clearly demonstrate that the performance of the coated conductors can be altered at will 
by choice of the thickness of tiie insulation. It should be noted tiiat the insulated conductors of Example 22 
do not fail up to the limits of the test equipment and even at 650**C the volume resistivity of >10* ohm cms. 



so EXAMPLE 23 

Copper conductors were provided with an insulating layer of silica, of thickness 16 microns, by RF 
sputtering from a silica target using the same procedure as used for examples 20 to 22 with the exception 
that the alumina target 5 is replaced by a silica target 5. 
55 The volume resisitivlty fail temperature was measured as in Example 17 and is found to be greater than 
esCC. the volume resisitivlty at this temperature still being 10» ohm cms. 
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EXAMPLES 24 to 27 



7 strand 20 AWG copper conductors were provided with a composite coating consisting of a first layer 
of aluminium, a second layer of graded stoichlometry AbOx and a third layer of alumina prepi^d as In 
Example 7. 

Twisted pairs of Identical wires (2 twists per 2.5 cm length) were tested for signal integrity with a 1 MHZ 
30V square wave source, as described in Example 1. in a bunsen flame at 500*C and at 700'C. The results 
are given in Table VL 



70. 



TABLE VI 



T6 



E)aHPI£ AUKTNIIPI M^]>lINIU?i ALU?=1INIUM QXIEE TIPS/TES^ TO 
LRYER OXIDE TOP lAYER, WhlUJBE IN 

INTEggiEDIATE m^OC FLAME 



20 



2S 



24 
25 
26 



0.4 
0.4 



0.<l 
0.4 
0.4 



0.65 
0.65 
1o9 



27 



0.4 



0.4 



1.9 



23 snins/500*»C 
2 niins/700*C 
no failure 
after 30 ains/ 
500*C plus 
30 mins/70D<^C 
75 niins,/700*C 



By way of comparison, the procedure was repeated using wires insulated only by crosslinked 
polyethylene: a failure time of 20 seconds at 500 *»C was measured. 

These results clearly demonstrate that even very thin composite coatings made according to the 
invention survive for significant periods of time at 500*C. They also show that slightly thicker films (1^ 
microns) can function for extended periods of time at significantly higher temperatures. 

EXAMPLES 28 and 29 

Copper conductors were proxnded with an insulating alumina layer by Rf sputtering from an alumina, 
target using the conditions described In Examples 20 to 22. They were then tested for signal integrity in a 
bunsen flame using the method described in Example 1, and the results are given In Tabfe VII. 
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TABLE VII 



Example 



microns 



Alumina thickness 



Time/temp to failure 
in bunsen f 1 am e 



30 



28 
29 



15 



15 



2.9 



10 rains/700^C * 
115 ntins/850^C * 
150 rtins/700^C 



^ failed due to copper migration 

test terminated t^ithout sample failure 

These results clearly show the Insulating qualities obtainable by coating conductors according to this 
Invention. They also show the very significant increase in lifetime at elevated tennperatures which may be 
obtained by use of a thicker film. Thus one is able to make a simple choice of insulation thickness for 
different operating environments. 

By. comparing Examples 27 and 26, it is possible to see the effect of the intermediate layer on 
insulation performance: from Example 28. one would expect that a short failure time (i.e. less than 10 mins 
at 700 ""C) would be obtained using an alumina tiiickness of 1.9 microns. However, as already seen in 
Example 27, the composite coating which Is thinner in total thickness as well as in the insulating portion, 
clearly and significantly but performs the coated conductor of Example 28. From examination of the failure 
spedmens by scanning electron microscopy it is seen that both Example 27 and 28 fail by copper 
migration but that copper migration is severely hindered by presence of the iriterlayer. 

Thus this comparison illustrates that the intermediate layers provide improved insulating performance 
undere harsh thermal environment by significantiy suppressing the failure mechanism. 



Copper conductors were provided with an insulating silica layer of thickness 16 microns by HP 
sputtering from a silica target under the conditions described in Example 23. 

They were then tested for signal integrity as described in Example 29 : failure was obtained only after 
exposure for 90 mins. 

EXAMPLE 32-34 

Copper conductors were provided with a 5 micrometer insulating alumina layer bound to the copper by 
an interlayer of pure metal 0.5 micrornetres thick. The metal was either Aluminium in one case or titanium 
in another case. The aluminium interlayer case was demonstrated on both solid and stranded wire 
conductor. Deposition was as described in Example 5 with the exception that the insulating alumina layer is 
Rf sputtered as described in Examples 20 to 22. Target 6 was replaced by titanium in the case of the 
Utanium interlayer. 

The wires were subjected to. signal integrity testing as in Example 28. The failure times are recorded in 
table VIII. 
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TABLE VI 11 



EXAMPLE 



WIRE TYPE 



INTERLAYER 



FAILURE TIME 



32 
33 
34 



7 Strand 20 AWG 
Solid 20 AWG 
Solid 20 AWG 



Aluininium 
Aluminiuin 
Titaniiam 



61 siinutes 
36 siinutes 
26 sziinutes 



The failure times when compared with Example 28 clearly illustrate the benefits of an interlayer for high 
temperature performance, even when an intermediate layer of varying stoichiometry as in Example 27 is 
absent The data also demonstrates that the improvement is achieved even when uang metal Interlayers 
which differ from that of the metal oxide. 

EXAMPLES 35 to 39 

B^ples 35 to 39 examine the onset temperature for the failure mechanism described as "copper 
migration" or "conductor migration". The examples use specimens described in earlier examples. 
i.e. Example 35 prepared as Example 6 
Example 36 prepared as Example 14 
Example 37 prepared as Example 21 
Example 38 prepared as Example 28 
Example 39 prepared as Example 22 

The test Involved exposing specimens to high temperatures for short (1 minute) periods of time. A high 
temperature tube furnace was controlled to within a set temperature ±1% with a sample pan situated in the 
centre of the oven. The pan was preheated to the set temperature prior to being pneumatically extracted for 
automatic sample loading and return to the oven. The sample pan temperature was accurately monitored 
and any temperature drop noted during loading was recovered within the 1 minute period. Loading time was 
53 seconds. 

Specimens of each example was exposed to a range of temperatures for the specified period and 
subsequently examined using a scanning electron microscope for the effect described as "conductor 
migration". The temperature at which the effect was first noted was recorded as the onset temperature. 
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The Examples 35 to 39 illustrate 4 points. Rrstly the surprisingly low temperatures at which "conductor 
migration" occurs is demonstrated by Example 37 in which the effect is seen at a temperature approxi- 
mately half that of the melting temperature of the conductor. Secondly, the benefit of increased top coat 
thickness is demonstrated by Examples 37 to 39. Thirdly ttie benefits of an interlayer are seen by 
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comparing Examples 35 and 36 with Example 38. By simply comparing topcoat thicknesses one would 
expect tiie Examples 35 and 36 to display onset temperatures lower than that for Example 38. In fact the 
opposite is shown thus demonstrating the effect of the interlayers. Fourthly, the benefits of Increasing 
interlayer thickness are demonstrated by comparing Example 35 to Example 36. 

■s ' • 

EXAMPLE 40 

19 strand 20 AWG copper wires were provided with an insulating alumina coating 3 micrometres thick 
70 around their outer circumference by techniques described in Examples 20 to 22. On subjecting Example 40 
to signal integrity testing as described in Example 3, except using a 700^*0 flame, the time to circuit failure 
was recorded as 12 minutes. Wire insulated with only 0.2mm of crosslinked polyethylene failed after 15 
seconds under the same conditions. This Example clearly shows that excellent high temperature insulation 
is obtained even when only a portion of each outer strand is covered with the thin refractory coating, 
rs Examples 40 differs from previous multistrand wire Examples in that the number of strands is increased to 
19, thereby further reducing the portion of outer strand covered by the thin refractory coatirig. 



EXAMPLE 41 

20 

7 strand 20 AWG copper wires were provided with a 1 micrometre coating of aluminium by sputtering 
as previously described for depositing the interlayer in Example 5. The wire was then subjected to a heat 
treatment by passing slowly through a tube furnace a 500*^0 such that the residence time of 7 minutes is 
achieved. A highly adherent gold coloured copper/aluminlunri intermetallic layer is confirmed as having 
26 being formed by X-ray crystallography. The intermetallic covered wire is provided with a 5 micrometres 
thick coating of alumina by techniques described in Examples 20 to 22. Signal integrity testing as described 
in Example 40 results in signal failure after 46 minutes. This Example clearly illustrates the benefits 
obtained by the presence of intermetallic layers intermediate to the conductor and insulation. 

30 

EXAMPLE 42 

19 strand 20 AW3 wires were provided with an insulating alumina coating 5 micrometres thick as 
described in Example 40. This Example differs from Example 40 by the presence of a conventionaliy 
35 applied tin coating as used frequently in the Wire and Cable Industry and the fact that the test temperature 
was 800**C. On subjecting the wires to signal integrity testing as described in Example 40 the following 
failure times were recorded. 

Example 42 : Tin Coated: 166 minutes 

It is believed that the exceptionally long survival time is due to the formation of a tin/copper intermetallic 
40 layer. 



Claims 

45 1. A metallic conductor which comprises a bundle of metallic strands the bundle having an adherent 

electrically Insulating refractory coating which extends around the circumference of the bundle but not 

around the individual strands. 

2. A conductor as claimed in claim 1 , wherein the adherent refractory coating comprises an oxide or 

nitride of a metal or semi-metal. 
so 3. A conductor as claimed in claim 2, wherein the refractory coating comprises an oxide of aluminium. 

silicon, titanium or tantalum. 

4. A conductor as claimed in any one of claims 1 to 3, wherein the refractory coating is bonded to the 
conductor by a metallic or refractory intermediate layer. 

5. A conductor as claimed in claim 4. wherein the intermediate layer comprises the metal from which 
65 the refractory coating is formed. 

6. A conductor as claimed in any one of claims 1 to 5. wherein the refractory coating contains the metal 
or semi-metal in a stoichiometric excess. 
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7. A conductor as claimed m any one of claims 1 to 6. wherein the refractory coating has been formed 
by a vacuum deposition method. 

8. A conductor as claimed in claim 7. wherein the refractory coating has been formed by a sputter ion 
plating method. 

9. A conductor as claimed in any one of claims 1 to 8. wherein one or more add'itional layers are 
deposited on top of the refractory coating. 

10. A conductor as claimed in any one of claims 1 to 9, which has a melting point of at least 800-C. 

11. A conductor as claimed in any one of claims 23 to 42, wherein the refractory coating has a 
thickness m the range of from 0.5 to 1 5 micrometres preferably from 2 to 7 micrometres. 

12^ An electrical wire which comprises a conductor' as clamed In any one of cj^ms 1 to 11 and 
sintounding the conductor, a lay^^^ 
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